Introduction {#S1}
============

Myeloid disorders attributed to mutations in CSF3R (encoding G-CSFR) include severe congenital neutropenia (SCN), chronic neutrophilic leukemia (CNL), myelodysplastic syndrome (MDS), acute myeloid leukemia (AML), and atypical chronic myelogenous leukemia (aCML) ([@R1]--[@R3]). SCN patients treated with G-CSF regain a sufficient level of neutrophils to reduce infection related mortality, but are at increased risk for transformation to AML and MDS. During pre-leukemic clonal evolution, SCN patients frequently acquire somatic frame-shift or nonsense mutations in CSF3R, which result in truncation of the cytoplasmic region of G-CSFR ([@R1]--[@R5], [@R13]--[@R14]). SCN-associated AML may progress to factor-independent growth through the additional acquisition of a point mutation close to the membrane proximal region (e.g. "proximal mutation" T618I). Proximal mutations are also observed in de novo CNL and are characterized by hyper responsiveness to G-CSF, leading to an uncontrolled number of neutrophils ([@R5]--[@R12]). Herein, a global, unbiased phospho-tyrosine profiling approach using SILAC methods ([@R16]) was used to dissect wild type and aberrant G-CSF signaling. Specifically, cell lines were engineered to express low levels of wild type (WT), membrane proximal (T618I) and truncation (Q741x) mutant G-CSFR, and temporally characterized for phospho-tyrosine signaling after G-CSF stimulation. SILAC labeling, phospho-tyrosine enrichment, high-resolution nano-LC-MS/MS analysis and functional bioinformatics studies, reveal a number of known and novel phosphorylation changes. First, the data confirm the abnormal kinetics of canonical G-CSF stimulated signaling, and extend prior knowledge of receptor recycling mechanisms ([@R22]). Importantly, the study identified consistent activation of Bruton's Tyrosine Kinase (Btk) downstream of mutated G-CSFRs (but not WT), which was further validated in the cell lines, primary murine bone marrow cells and retrovirally-transduced human CD34+ umbilical cord blood cells expressing mutant receptors. These studies support Btk as a potential therapeutic target downstream of mutant G-CSFR, and suggest repositioning the approved Btk inhibitor, Ibrutinib, as a treatment for CSF3R-mutant myeloid leukemia.

Material and Methods {#S2}
====================

Cell line and quantitative phosphoproteomics methodology {#S3}
--------------------------------------------------------

Full details of the experimental approach are presented in [Supplementary Methods](#SD1){ref-type="supplementary-material"}. In summary, a retroviral transduction approach was used with BaF3 cells to set-up an in vitro model system expressing WT, T618I, and Q741x G-CSFRs expressing cells. SILAC labelling was used to culture the transduced BaF3 cells in 'light' SILAC medium (containing ^12^C, ^14^N Lysine and Arginine) and 'heavy' SILAC medium (containing ^13^C, ^15^N Lysine and Arginine). After mixing the comparative samples and digesting them with trypsin, the SILAC-labelled peptides were further enriched for phospho-tyrosine using immobilized pY-1000 phosphotyrosine antibodies peptides as previously described ([@R15]--[@R17]). Enriched phospho-peptides were analyzed on a TripleTOF 5600+ MS (Sciex, Concord, ON, Canada) coupled to an Eksigent (Dublin, CA) nanoLC Ultra nanoflow system. Details of data analysis and validation of the phospho-tyrosine experiments are presented in [Supplementary Methods](#SD1){ref-type="supplementary-material"}.

Primary cell isolation, cell proliferation/viability, and CFU experiments {#S4}
-------------------------------------------------------------------------

All mouse breeding/maintenance and treatment procedures were performed with full IACUC approval. Bone marrow cells were isolated from freshly sacrificed mice and enriched for stem/progenitor cells using CD117 MicroBeads and separated on an AutoMACS Pro separator (Miltenyi) according to manufacturer specifications. For cell proliferation and viability assays, 20 thousand 32D or c-Kit^+^ cells from bone marrow were seeded in 96 well plate in 200 μl of RPMI medium supplemented with 10% FBS in a titration of Ibrutinib. Ibrutinib concentrations ranged from 5 nM-5000 nM in a final concentration of 0.1% DMSO for 32D cells and 1 nM-1000 nM in a final concentration of 0.1% DMSO for c-Kit^+^ cells incubated at 37C and 5% CO~2~ for 24 h. Cell proliferation and viability was determined using Trypan Blue live/dead hemocytometer cell counting. For clonogenic assays, c-Kit^+^ cells were plated in triplicate at 2,000 cells/mL in M3434 (Stemcell Technologies) supplemented with 40 ng/mL G-CSF and either 0.1% DMSO, 100 nM Ibrutinib, or 1 μM Ruxolitinib and the total colony number was determined 7 days later. For human cell viability assays, human CD34^+^ cells were plated at 20,000 cells/100 μL in IMDM supplemented with 20% BIT9500 (Stemcell Technologies), 55 μM β-mercaptoethanol, and 40 ng/mL G-CSF with 0.1% DMSO or a dose titration of Ibrutinib or Ruxolitinib. For synergy assays, sorted human CD34^+^ cells were plated in triplicate at 1,000 cells/mL in H4434 supplemented with 40 ng/mL G-CSF with 0.1% DMSO, 100 μM Ibrutinib or 100 μM Ruxolitinib and the total colony number was determined 7 days later. Additional details of the primary cell isolation and analysis are given in [Supplementary Methods](#SD1){ref-type="supplementary-material"}.

Results {#S5}
=======

Generation and validation of BaF3 expressing WT and mutant G-CSFRs {#S6}
------------------------------------------------------------------

To study the comprehensive phospho-tyrosine signaling of normal and mutated G-CSFRs, an in vitro model system using BaF3 cells was implemented. BaF3 cells are a well-established model system to study the biology of G-CSFRs ([@R2]--[@R5]). A robust model system was necessary to grow enough cells (100 million) to obtain sufficient depth of phospho-tyrosine proteome coverage that could not be achieved using limited amounts of primary progenitor cells. Using a retroviral transduction approach, normal (WT-G-CSFR), proximal mutation (T618I-G-CSFR), and truncation mutation (Q741x-G-CSFR) protein expressing vectors were transduced in BaF3 cells that stably express each of the receptors ([Figure 1a](#F1){ref-type="fig"}). To avoid unwanted signaling effects caused by over or unequal expression of mutant receptors, several rounds of cell sorting and collection were performed to achieve comparable expression for the WT and each of the G-CSFR variants as confirmed in [Figure 1b](#F1){ref-type="fig"}. In parallel, an empty vector expressing cell line was also designed as a control for the transduction experiments ([Figure 1b](#F1){ref-type="fig"}). To evaluate the receptor activation dynamics in the BaF3 system and to ensure consistency with those reported previously during G-CSFRs activation, an induction experiment was performed using the WT and both mutated receptors for up to 3 h post serum starvation. Immunoblot analyses of phospho-Stat3, phospho-Stat5, total Stat3, total Stat5, phospho-Erk1/2, and total Erk1/2 were used to evaluate the G-CSF signaling dynamics. Similar to a previous report ([@R7]), WT-G-CSFR showed upregulation of Stat5 through 30 min with peak activation levels between 10--15 min and a return to pre-stimulation levels by 60 min ([Figure 1c](#F1){ref-type="fig"}). Phospho-Stat3 activation in WT followed a similar trend as Stat5 with maximal activation by 10--15 min, however it showed a prolonged activation with \>50% of its activation level persisting even after 3 h ([Figure 1c](#F1){ref-type="fig"}). Phospho-Erk1/2 activity downstream of WT-G-CSFR also showed a drop off in activation after 30 min ([Figure 1c](#F1){ref-type="fig"}) following a similar activation pattern as pStat5. In contrast, mutant receptor signaling in the BaF3 system showed signaling patterns mimicking those reported for patient derived samples ([@R10]). Specifically, T618I-G-CSFR in the BaF3 model system showed a constitutive activity of Stat3/Stat5/Erk even in the absence of G-CSF, but otherwise showed the similar pattern of GCSFR activation as WT, with maximal activation at 10--15 min returning to the constitutive levels of pSTAT5 by 60 min ([@R10]). Furthermore, the BaF3 expressing Q741x-G-CSFR showed the normal induction of signaling patterns with maximal activity by 10--15 min, but maintained activation even at 3 h ([Figure 1c](#F1){ref-type="fig"}); consistent with what has been reported in patient derived cells ([@R10]). Overall, the BaF3-based in vitro model system recapitulated the previously reported major signaling biology (Jak/Stat and Mapk/Erk pathways) of the normal and mutated G-CSFRs ([@R1]--[@R14]), supporting its validity as a model system for the global phospho-tyrosine analysis.

SILAC- based quantitative phospho-tyrosine analysis of the normal and mutated G-CSFR signaling {#S7}
----------------------------------------------------------------------------------------------

A well-established quantitative metabolic labeling technique, SILAC, was used to evaluate a comprehensive quantitative phospho-tyrosine signaling of G-CSFRs ([Supplementary Figure 1a](#SD4){ref-type="supplementary-material"}). Details of SILAC labeling are provided in the [supplemental methods](#SD1){ref-type="supplementary-material"} section. 12.5 min and 90 min of G-CSF induction were used for the global phospho-tyrosine analysis based on the time-course established in [Figure 1c](#F1){ref-type="fig"} to capture the early and late events of the phosphorylation of the activated G-CSFRs and to understand a dynamic signaling landscape. Each experiment was performed as two independent biological replicates with the cells grown in light SILAC medium for the non-G-CSF induced control and the heavy SILAC medium as the GCSF-induced experimental samples. After the heavy amino acid incorporation was confirmed to be greater than 95% by mass spectrometry, the G-CSF induction was initiated for collection of cells at the early and late time points. To rule out any signaling variability caused by the SILAC culture medium on the cellular machinery, phospho-Stat3/5 immunoblots on the SILAC lysates were evaluated. As expected, Jak/Stats signaling mechanism upon G-CSF induction was not altered in the SILAC medium ([Figure 2a](#F2){ref-type="fig"}).

The enrichment and relative quantitative analysis of phospho-tyrosine in each of the replicate samples for the WT and two mutated receptors was accomplished by immuno-affinity purification (IAP) on the pY1000 column, nano LC-MS/MS and data analysis as described in the [supplemental methods](#SD1){ref-type="supplementary-material"} section. Pearson correlation coefficient (r) for the replicate samples were used to verify the level of reproducibility. Based on Pearson coefficient values, a high reproducibility was observed between replicates ([Supplementary Figure 1b](#SD4){ref-type="supplementary-material"}). To further verify that the mass spectrometry readout was consistent with the timing of the Stat3/Stat5 signaling seen by the immunoblot experiments, extracted ion chromatograms (XICs) of phospho-Stat3 (pY705) and phospho-Stat5 (pY694) peptides from the individual mass spectrometry data sets were examined ([Figure 2b](#F2){ref-type="fig"}). As expected, the XICs recapitulated the expected pattern of Stat activation downstream of GCSF induction. Specifically, Stat5 activation returned to near pre-induction levels at 90 min, while Stat3 maintained a longer activation with about 40% the pY705 site still present after 90 min in the WT samples ([Figure 2b](#F2){ref-type="fig"}). The XICs for the 90 min time point of both mutants also showed prolonged activation of pStat5 and pStat3 as was detected by immunoblot ([Figures 1c](#F1){ref-type="fig"}, [2a](#F2){ref-type="fig"}). Overall, the quantitative mass spectrometry data successfully recapitulated the expected pattern of G-CSFR activation for both the WT and mutated receptors.

Effect of G-CSF induction on normal and malignant G-CSFR phospho-tyrosine proteome {#S8}
----------------------------------------------------------------------------------

The global phospho-tyrosine study was designed to evaluate the discovery hypothesis of a likely divergence of the G-CSF induced signaling between the WT and mutants receptors. Examination of the SILAC data with the WT and mutant receptors resulted in more that 250 phospho-tyrosine sites identified and quantified ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}--[3](#SD8){ref-type="supplementary-material"}). A series of bioinformatics tools were applied to the data set to gain insight into the common and divergent regulatory pathways in WT and mutated G-CSFR signaling. These tools included an unbiased clustering analysis, protein-protein interaction network and biological processes based analyses using STRING ([@R18]), and Kinase enrichment analysis (KEA) ([@R19]). As evident from the clustering analysis and STRING analysis ([Figure 3](#F3){ref-type="fig"}) combining all differentially-regulated sites together, the most common phosphorylation events across the profiles were the Stats (Stat 5A, Stat5B, Stat3, Stat1, Stat6) collectively represented as Cluster 1 (C1): the Stat signaling cluster. This is consistent with the known literature for both WT and these specific mutations. Similarly, the major enriched biological processes (GO: Biological Processes) in cluster 1 were cytokine mediated signaling (FDR = 5.5e-08) and JAK/STAT pathway (4.74e-07) ([Supplementary Table 2](#SD7){ref-type="supplementary-material"}), which further supports the previously known first biological responses after G-CSF activation. Thus, the unbiased analysis of SILAC-based mass spectrometry data matches to many of the known signaling events in G-CSF induction.

When examining the data set for divergence in WT vs mutants, another set of phosphotyrosine sites comprising of Stam2, Crk, Dok1, Gab1, Ptpn11, Cbl proteins formed a unique cluster (C2) in the heat map ([Figure 3](#F3){ref-type="fig"}) referred to as the endocytosis/receptor recycling cluster ([Supplementary Table 4](#SD9){ref-type="supplementary-material"}). Most of these phospho-tyrosine sites were detected in the WT but not in the mutants ([Figure 3](#F3){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"}--[3](#SD8){ref-type="supplementary-material"}). The major enriched biological processes from cluster 2 were endocytosis (FDR=9.29e-05), transmembrane receptor protein tyrosine kinase signaling (FDR=2.97e-05), and cell surface receptor signaling (FDR=7.68e-04) ([Supplementary Table 2](#SD7){ref-type="supplementary-material"}). These findings suggest that this layer of phospho-tyrosine signaling induced by G-CSF might be controlling aspects of receptor endocytosis. Given that several research labs including Touw's group have previously described ([@R20]--[@R22]) the perturbed receptor endocytosis/recycling of mutated G-CSFRs, our findings are also consistent with these receptor recycling defects. Moreover, they also provide greater granularity with respect to the specific phosphorylation changes that may be controlling these processes. Furthermore, the absence of this cluster in T618I group is a new finding which hints that a disrupted receptor endocytosis might be implicated in the constitutive activity of the membrane proximal mutation.

Another up-regulated cluster was detected with the Q741x group consisting of several kinases, Btk, Lyn, Mapk14, Mapk8, Jak2 and Bcr ([Figure 3](#F3){ref-type="fig"}, C3: Cluster 3) referred to as the Btk cluster ([Supplementary Table 2](#SD7){ref-type="supplementary-material"}). The major enriched biological processes associated with this cluster were cell surface receptor signaling pathway (FDR=4.64e-08), and protein tyrosine kinase signaling (FDR=7.40e-08) ([Supplementary Table 2](#SD7){ref-type="supplementary-material"}). This cluster implicates that these kinases might be behind the sustained activation pattern exhibited by Q741x. Specifically, Bruton's Tyrosine Kinase (Btk) was upregulated in the truncation mutation at its most prominent activating tyrosine (pY223) site and with no apparent change in the WT group. The tyrosine 223 of Btk is a well-documented activation site in B cell lymphomas and more recently has been identified in some AML cases ([@R23]--[@R25]).

G-CSF induced upregulation of Bruton's Tyrosine Kinase (Btk) in the mutants but not in WT-G-CSFR {#S9}
------------------------------------------------------------------------------------------------

The STRING and pathway analysis algorithms ([@R18]) used above correlate protein interaction with cellular processes based on the function and relationships of the intact proteins. When evaluating the data that result from the pY profiling, one must also consider that the changes in any given site of phosphorylation result from the sum of the activities of associated kinases and phosphatases. As such, to evaluate the regulatory kinases behind the divergence of phospho-tyrosine signaling between the WT and mutant receptor signaling, Kinase Enrichment Analysis (KEA) ([@R19]) was applied to identify candidate kinases. The KEA tool is designed to predict which kinases are most likely responsible for the specific sites of phosphorylation that are detected showing differential regulation (up- or, down) in each group compared to non-G-CSF stimulated condition. When KEA was applied to the current data set, as expected, most of the kinases identified among all three groups (WT, and both mutants) were known kinases for G-CSFR signaling (e.g. Jak2, Src) ([Figure 4a](#F4){ref-type="fig"}). However, we noted that Bruton's Tyrosine Kinase (Btk) activity was significantly changed in the mutant data sets (Q741x: p-value= 0.001, T618I: p-value= 0.031) ([Figure 4a](#F4){ref-type="fig"}). Btk activation in B-cell malignancies leads to a hyperproliferative response ([@R23]--[@R25]). Importantly, Ibrutinib is a clinically-approved Btk-inhibitor drug for the treatment of B-cell lymphomas ([@R23]). Therefore, we focused further analyses on validating Btk as a potential downstream effector of mutant G-CSFRs.

In addition to the KEA analysis, Btk was also observed upregulated in the global phospho-tyrosine data set, with particularly high level in the Q741x mutant at 12.5 min of G-CSF induction as described in the previous section ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}--[3](#SD8){ref-type="supplementary-material"}). The proximal mutation also showed up-regulation of Btk and in WT, Btk was recorded as slightly downregulated upon stimulation with G-CSF ([Figure 3](#F3){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"}--[3](#SD8){ref-type="supplementary-material"}). To further confirm the findings of the global phospho-tyrosine data and KEA analysis, the Btk activation pattern was verified using the immunoblot experiments in BaF3 cell lysates expressing WT and mutant G-CSFRs ([Figure 4b](#F4){ref-type="fig"}). In WT, no appreciable change in phospho-Btk level (phospho-Y 223) upon G-CSF activation was observed, however it was constitutively active in T618I and showed increased activation post G-CSF induction with Q741x expressing cells ([Figure 4b](#F4){ref-type="fig"}).

To further verify the relevance of Btk activation in a myeloid lineage model, myeloid progenitor 32D cell lines were generated that express WT and the mutant G-CSFRs ([Supplementary Figure 2 a, b](#SD5){ref-type="supplementary-material"}). These cell lines were prepared using the same retroviral transduction vectors, flow cytometry-based sorting experiment and G-CSF induction kinetic experiment as the BaF3 cells ([Supplementary Figure 2 a, b](#SD5){ref-type="supplementary-material"}). Notably, phospho-Btk levels in cytokine-starved 32D cells were higher in WT receptor expressing cells (compared to BaF3 cells), and G-CSF stimulation of the WT receptor downregulated Btk activation ([Figure 4c](#F4){ref-type="fig"}). These data suggest that Btk may be activated by cytokine-withdrawal stress in WT myeloid cells but not in the BaF3 cells ([Figure 4c](#F4){ref-type="fig"}). However consistent with the WT BaF3 cells, the levels of activated Btk decrease with G-CSF stimulation.

Sensitivity of mutant G-CSFR expressing 32D cells to Ibrutinib suggests dependence on activated Btk for cell survival and proliferation {#S10}
---------------------------------------------------------------------------------------------------------------------------------------

The activation status of Btk in both mutant receptors compared to the WT support the hypothesis that mutant G-CSFR signaling is dependent on Btk for the survival and proliferation. To test this hypothesis, and to further verify the functional role of Btk with respect to aberrant GCSFR signaling, several functional assays were performed. First, using increasing concentrations of Ibrutinib, cell viability assays using Trypan Blue based live/dead cell counting were performed. WT receptor expressing 32D cells revealed an IC~50~ around 250 nM with Ibrutinib ([Figure 4d](#F4){ref-type="fig"}). It has been previously reported that tumor or stromal-secreted cytokine can rescue cancer cells from the effects of tyrosine kinase inhibitor (TKI) ([@R26]). To test whether G-CSF could relieve Ibrutinib effects, IC~50~ values were also captured in the presences of G-CSF. Consistent with other TKIs, the inhibitory effect of Ibrutinib was dramatically reduced upon G-CSF induction in the WT receptor cells, with the IC~50~ shifting from 250nM into the micromolar range ([Figure 4d](#F4){ref-type="fig"}). In contrast, both the mutant-receptor-expressing 32D cells displayed an IC~50~ near 50 nM, which was independent of G-CSF activation ([Figure 4d](#F4){ref-type="fig"}). These results are consistent with the concept that mutant receptors require Btk activation for viability, thus resulting in greater susceptibility towards Btk inhibition. To this end, the effect of Ibrutinib on cell proliferation was also evaluated in 32D cells grown in Ibrutinib supplemented medium (+/−) G-CSF stimulation ([Figure 4e](#F4){ref-type="fig"}). The WT G-CSFR expressing 32D cells more than tripled in numbers in 2 days, even in the presence of Ibrutinib, which further supported the findings from the cell viability experiment. However, T618I and Q741x receptor-expressing cells showed a dramatic loss of proliferation and cell viability with less than 50% of the cells viable by day 2 in the presence of Ibrutinib, thus showing a dramatic decrease in proliferation when Btk activation is blocked ([Figure 4e](#F4){ref-type="fig"}). Collectively, both the IC~50~ and the cell proliferation experiments in 32D cells support the hypothesis that mutant receptor expressing cells are dependent of Btk activation and thus can be suppressed by Btk inhibition using Ibrutinib.

Activation of Btk in the primary bone marrow cells of G-CSFR-Q741x mutant mice {#S11}
------------------------------------------------------------------------------

To further support the findings of the dependency of the mutant receptor expressing 32D on Btk beyond a simple cell-line based model, we analyzed c-Kit^+^ bone marrow cells (hematopoietic progenitors) isolated from WT and Csf3r-Q741x knock-in mice ([@R11]). To determine the pattern of Btk activation in these primary cells, immunoblot experiments were performed and showed a pattern of Btk phosphorylation similar to 32D cells ([Figure 5a](#F5){ref-type="fig"}). Namely, starved WT cells showed activation of Btk, which was downregulated by the addition of G-CSF; whereas, the Q741x starved cells show no activation of Btk, but robust induction after G-CSF ([Figure 5a](#F5){ref-type="fig"}). Next, cell viability/proliferation changes in response to Ibrutinib treatment were examined. WT c-Kit+ cells showed an IC~50~ to Ibrutinib at 129 nM. However, the mutant c-Kit^+^ cells were 4-fold more sensitive to Ibrutinib with an IC~50~ of 32 nM ([Figure 5b](#F5){ref-type="fig"}). This decrease in IC~50~ indicated a higher susceptibility of mutant BM cells to Btk inhibition compared to WT. To determine the impact of Ibrutinib upon the colony forming capacity of hematopoietic progenitors, c-Kit+ bone marrow cells isolated for the Q741x knock-in mice were treated with the IC~50~ dose of Ibrutinib in parallel with the standard-of-care in the field, Ruxolitinib ([@R14]). While WT cells were unaffected by either drug, those bearing the Q741x mutation were equally sensitive to Ibrutinib and Ruxolitinib ([Figure 5c](#F5){ref-type="fig"}). Taken together with the 32D cells and primary cell based experiments, the increased sensitivity of the Q741x mutant progenitor cells to Ibrutinib further supports the dependency of the mutant cells on Btk activation. Furthermore, these findings suggest that the disease phenotypes associated with the most common clinical mutations in the G-CSFR might be targeted for treatment with Ibrutinib.

Human G-CSFR-mutant cells are sensitive to BTK inhibition {#S12}
---------------------------------------------------------

To determine if BTK inhibition presents a clinically-actionable susceptibility of G-CSFR-mutant cells, we used retroviral transduction to develop a model system of primary human CD34^+^ umbilical cord blood cells expressing G-CSFR WT, T618I, or Q741x. CD34^+^ cells that expressed low levels of G-CSFR were FACS-sorted ([Supplementary Figure 3](#SD6){ref-type="supplementary-material"}) and treated with a dose titration of Ibrutinib. Cells expressing T618I and Q741x were equally sensitive to Ibrutinib as compared to WT cells, displaying a greater than 2-fold decrease in IC~50~ values ([Figure 6a](#F6){ref-type="fig"}). Next, we compared the efficacy of Ibruitinib to that of a JAK2 inhibitor by performing a dose titration of Ruxolitinib. Similar to Ibrutinib, cells expressing T618I and Q741x were sensitive to Ruxolitinib ([Figure 6b](#F6){ref-type="fig"}) as compared to WT cells. The IC~50~ doses of both Ibrutinib and Ruxolitinib (100nM) were also efficient at reducing the clonogenicity of cells expressing T618I and Q741x while ineffective against WT cells ([Figure 6c](#F6){ref-type="fig"}). A significant reduction in the total colony number was observed in both mutant G-CSFRs expressing primary cells compared to WT ([Figure 6c](#F6){ref-type="fig"}) similar to the results from the mouse CFU experiments. These findings suggest that Ibrutinib presents a potential new therapy against the growth and survival of G-CSFR-mutant clones.

Ibrutinib and Ruxolitinib are synergistic against G-CSFR-mutant human CD34^+^ cells {#S13}
-----------------------------------------------------------------------------------

Finally, since human cells expressing CSF3R-mutations were sensitive to treatment with both Ibrutinib or Ruxolitinib, we tested the hypothesis that a combination of these drugs would be synergistic, such that lower doses of the combined inhibitors would demonstrated greater clearance of the receptors bearing mutations than the single therapies. This was accomplished using a checkboard assays with increasing concentration of each of the inhibitors on human CD34+ cells expressing WT control or T618I or Q741x mutations in the presence of G-CSF ([Figure 7](#F7){ref-type="fig"}). In each case the mutant expressing receptors were sensitive to either Ibrutinib or Ruxolitinib treatment alone compared to controls; however, this sensitivity was dramatically enhanced with the combination treatment ([Figure 7](#F7){ref-type="fig"} and [Supplemental Table 5](#SD10){ref-type="supplementary-material"}). These results suggest that combination therapy with these two clinically-available drugs may provide a substantial therapeutic window to eradicate CSF3R-mutant clones prior to transformation while leaving the normal cells unharmed.

Discussion {#S14}
==========

Apart from basic knowledge about Jak/Stat signaling as major pathway associated with G-CSFR signaling, there is still a large gap in the understanding of overall biology of normal and malignant signaling of G-CSFR. Therefore, to understand the global landscape of normal and mutated G-CSFR signaling, we undertook a nano-LC-MS/MS based quantitative phosphotyrosine screening approach. As expected, a significant difference in the overall tyrosine phosphorylation between the normal and mutated G-CSFR was observed in this study. The systemic approach applied here led us to identify additional kinases that may be involved in the endocytosis and receptor recycling defect that has previously been reported ([@R20]--[@R22]) and importantly has identified an apparent proliferative dependency of the mutant G-CSFR receptor phenotypes on Bruton's Tyrosine Kinase (Btk) which opens a therapeutic opportunity to target these diseases with ibrutinib.

Based on previous reporting on the differences between normal (WT) and malignant mutation (T618I, Q741x) to the G-CSFR, the expected differences in Jak/Stat signaling in terms of Stat3/Stat5's amplitude and duration of the phosphorylation were observed in our global pY profiling study ([Figure 2a,b](#F2){ref-type="fig"}). However, our data reveals for the first time that the difference is beyond a single pathway when it comes to the comparison between normal and malignant signaling of G-CSFR. Specially, proteins involved in the receptor endocytosis showed upregulation in their phosphorylation in WT only but not with mutants ([Figure 3](#F3){ref-type="fig"}). Prior work has described hindered receptor recycling of the truncation mutant G-CSFR ([@R20], [@R21]). Our phosphotyrosine signaling study confirms those data, and extends this to additional proteins (Crk, Stam2, Ptpn11, Gab1, Cbl) involved in the overall endocytosis process. Moreover, these data implicate a similarly defective endocytosis pathway for the proximally mutated G-CSFR. For example, Stam2 has already been shown as a part of endosomal cell sorting complex (ESCRT) which is required for the receptor lysosomal degradation ([@R27]--[@R28]). Furthermore, tyrosine phosphorylation of Stam2 is tightly controlled by protein tyrosine phosphatase 1b: Ptp1b ([@R27]--[@R28]). Whether there is any correlation between the absence of phosphorylation in the mutant GCSFRs compared to WT and its implication with the overall receptor endocytosis, needs to be validated. Another protein, Cbl: a ubiquitin ligase which was phosphorylated post G-CSF induction in the WT and T618I, however not with Q741x group. Cbl has been shown as a major adaptor protein in cell growth and cytoskeleton organization predominantly in hematopoietic cells ([@R27]--[@R29]) which raises a possibility about the potential role of this protein in G-CSFR receptor recycling mechanism. Therefore, future experimental validation of the protein showing differential phosphorylation might lead us to the mechanistic details of a perturbed endocytosis behind leukemogenesis with the mutated G-CSFR.

When Kinase Enrichment Analysis (KEA) was applied to the global dataset, we identified Btk as a major upregulated kinase node in the mutated receptor signaling but not with WT ([Figure 3](#F3){ref-type="fig"} and [Figure 4a](#F4){ref-type="fig"}). Phospho-Btk immunoblot analyses with BaF3 and 32D cells expressing G-CSFRs further confirmed the findings of the global phosphotyrosine data, and KEA analyses ([Figure 4b & c](#F4){ref-type="fig"}). Additionally, in the functional experiments, the mutated G-CSFRs showed lower viability and higher susceptibility towards the chemical inhibitor of Btk in cell culture. Based on these findings, it is possible that apart from Jak/Stat signaling as a major mode for the survival and proliferation, mutated G-CSFRs may acquire an additional dependence on Btk leading to malignant phenotypes. Our findings suggest that inhibiting Btk with Ibrutinib in the mutant G-CSFRs expressing 32D cells and c-Kit+ cells from Q741x mice, resulted not just in lower proliferation, but to loss of cell viability ([Figure 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). These findings were also confirmed in that primary murine bone marrow cells displayed lower clonogenicity upon ibrutinib treatment ([Figure 5c](#F5){ref-type="fig"}) which further supports the dependency of mutated G-CSFR on Btk.

Evaluation of BTK dependency in transduced human CD34+ umbilical cord blood cells expressing mutated G-CSFRs showed lower IC~50~ and clonogenicity in CFU assay treated with ibrutinib and ruxolitinib compared to WT ([Figure 6a--c](#F6){ref-type="fig"}), similar to mouse primary cells. These findings consistently corroborate the findings of BTK as a required factor for the mutated G-CSFR signaling. Finally, in a drug synergy assay, we did observe a dramatic synergy between ibrutinib and ruxolitinib at much lower dose ([Figure 7](#F7){ref-type="fig"}). This finding has a direct implication to improve standard of care for the leukemia patients carrying CSF3R mutations. Unlike other TKI-sensitive leukemia models ([@R31]), we did not observe cytokine rescue of Ibrutinib-based TKI with mutants, but this may be due to the fact that the inhibitor is not targeting the driver mutation. We conclude that in G-CSFR mutant leukemia, Btk may be an "oncorequisite" factor; a protein that is not mutated in the tumor, but upon which the tumor depends for maintenance ([@R32]). The reported findings suggest that Ibrutinib might be repositioned for clinical intervention in CSF3R-mutant myeloid malignancies to exploit this Btk dependency. The ability to perhaps eliminate or at least prolong the conversion of SCN patients on G-CSF induction therapy by clearing CSF3R-mutant clones early during leukemia evolution through surveillance testing could dramatically improve the outcome for this patient group.

Phosphoproteomics data deposition {#S15}
---------------------------------

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE \[1\] partner repository with the dataset identifier PXD009662

Supplementary Material {#S16}
======================

###### Figure 1s. Workflow and reproducibility of SILAC-based global quantitative phosphotyrosine analysis

\(a\) Schematic of the SILAC-based phospho-tyrosine work flow. (b) Pearson's Correlation coefficient (r) were calculated and plotted to verify the biological reproducibility of the relative quantitation between the two biological replicates.

###### Figure 2s. Expression and validation of WT, T618I and Q741x G-CSFRs in 32D cells

\(a\) Schematic of the workflow for generation of G-CSFR expressing 32D cells. (b) Flow cytometry plots of transduced 32D cells validating the expected levels of G-CSFR expression after FACS-sorting.

###### Figure 3s. Expression of WT, T618I and Q741x G-CSFRs in human CD34^+^ umbilical cord blood cells

FACS plots of retroviral-transduced human CD34^+^ umbilical cord cells displaying the gate used to sort cells for downstream assays.
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SILAC

:   Stable Isotope Labeling by Amino Acids in Cell Culture

G-CSF

:   Granulocyte-Colony Stimulating Factor

G-CSFR

:   Granulocyte-Colony Stimulating Factor Receptor

CNL

:   Chronic Neutrophilic Leukemia

AML

:   Acute Myeloid Leukemia

SCN

:   Severe Congenital Neutropenia

MDS

:   Myelodysplastic Syndrome

BTK

:   Bruton's Tyrosine Kinase

![Generation and validation of BaF3 expressing WT and mutant G-CSFRs\
(a) Schematic of G-CSF/G-CSFR topology in the plasma membrane and sites of mutations found in the indicated disease phenotypes. (b) Flow cytometry plots of transduced BaF3 cells validating equivalent levels of G-CSFR expression after FACS-sorting (EV: empty vector, MIG: MSCVIRES-GFP). (c) Immunoblot analyses of the transduced BaF3 cells after 6 hour serum starvation and G-CSF stimulation (TAS: Time after Stimulation). The immunoblots shown here are representative of two independent experiments (n=2).](nihms973567f1){#F1}

![SILAC-based quantitative phospho-tyrosine analysis of the normal and mutated G-CSFR signaling\
(a) Immunoblot analysis of the SILAC-cultured BaF3 cells showing similar G-CSFR signaling kinetics to those seen in [Fig 1a](#F1){ref-type="fig"}. (b) Comparative Extracted Ion Chromatograms (XICs) of pStat3 and pStat5 from the complete SILAC data set (n=2 for each condition). Black lines represent the 12.5 min levels and the red lines the 90 min levels. All XICs are displaying two biological replicates for both time points (TAS: Time after Stimulation).](nihms973567f2){#F2}

![Effect of G-CSF induction on the normal and malignant G-CSFR phosphotyrosine proteome\
R based unsupervised hierarchical clustering heat map analyses was performed using log2 transformed heavy to light phospho-tyrosine peptide ratios (H/L). The color key denotes red as up-regulated and blue as down-regulated phospho-tyrosine sites after G-CSF induction. The clusters were further analyzed using the STRING network analysis tool. Protein network diagrams are displayed for three clusters of uniquely up-regulated or downregulated phospho-tyrosine sites (C1, C2, C3). The length of the edges between two nodes represents the association/interaction score generated by STRING, with higher scores illustrated as shorter lines.](nihms973567f3){#F3}

![Aberrant Btk activation and dependence of mutant G-CSFR-expressing cell lines\
(a) Kinase Enrichment Analysis was used to identify the potential kinases behind the differential phospho-tyrosine landscape observed in the global phospho-tyrosine data. Kinases enriched are depicted as a bubble blot, with lower p-values illustrated as larger bubbles. The p-value cut-off was less than or equal to 0.05. The unique kinases identified only in the mutant or WT group are depicted in yellow. (b--c) Representative immunoblots using lysates from BaF3 or 32D cell lines after 6 hour serum starvation and G-CSF stimulation (TAS: Time after Stimulation). (d) Ibrutinib dose curves of 32D cell viability with and without G-CSF stimulation. IC~50~ values were calculated in Prism statistical analysis software using the three-parameter logistic method. (e) Growth curves of 32D cell lines treated with 100 nM Ibrutinib and cultured with or without G-CSF. Experiments in panels d and e were performed as three independent biological replicates (n=3) (\*\*\* = p value \< 0.001, \*\* = p value \< 0.01, student t-test).](nihms973567f4){#F4}

![Activation of Btk in the primary bone marrow cells of Q741x mutant mice\
(a) Representative immunoblots using lysates of c-Kit^+^ bone marrow cells after 2 hour serum starvation and G-CSF stimulation (TAS: Time after Stimulation). The experiment was performed twice (n=2). (b) Ibrutinib dose curves of c-Kit^+^ bone marrow cell viability. IC~50~ values were calculated in Prism statistical analysis software using the three-parameter logistic method. The experiment was performed in three independent biological replicates (n=3). (c) Graphical representation of the colony forming units (CFU) of murine c-Kit^+^ bone marrow cells. The results represent three independent biological replicates (n=3) (\*\*\*\* = p value \< 0.0001, student t-test).](nihms973567f5){#F5}

![Human G-CSFR-mutant cells are sensitive to BTK inhibition\
(a) Ibrutinib or (b) Ruxolitinib dose curves of retroviral-transduced human CD34^+^ umbilical cord blood cell viability. IC~50~ values were calculated in Prism statistical analysis software using the three-parameter logistic method. The experiment was performed in three independent biological replicates (n=3) from 3 separated donors. (c) Graphical representation of the colony forming units (CFU) of human CD34+ umbilical cord blood cells. The results represent five independent biological replicates (n=5) (\*\* = p value \< 0.01, student t-test).](nihms973567f6){#F6}

![Ibrutinib and Ruxolitinib are synergistic against G-CSFR-mutant human CD34^+^ cells\
Checkerboard assays showing percent viability of sorted retroviral-vector-transduced human CD34^+^ umbilical cord blood cells treated with the indicated doses of Ibrutinib (Ib) and/or Ruxolitinib (Rux).](nihms973567f7){#F7}
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